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properties became possible as soon as more elaborate procedures ~ were developed; namely, the isolation of cells in pure cultures, the use of both nutrient and preservative media, the maintenance of a constant composition of the latter, the measurement of the rate of growth, the cinematographic recording of cell locomotion and of the movements of the protoplasmic constituents, etc. In the experiments which are the subject of the present article, an attempt has been made to ascertain the fundamental properties of the fibroblast and to correlate both its functional state and its changing appearance.
Characteristics of the Colonies of Fibroblasts.
Fibroblasts never grow as isolated units, but form a dense tissue. When a colony is embedded in plasma, the fibroblasts migrate into the new medium without losing contact with the tissue from which they come. The area covered by the colony gradually increases and the cells never scatter through the medium, as macrophages do. On the advancing edge of the tissue, a few isolated cells may be observed, but they are generally united by their processes to neighboring cells. A colony is circular, and the long axis of the cells of its advancing edge is generally parallel to its radius. The fibroblasts remain in intimate reciprocal contact on all sides and multiply actively when packed together. This characteristic probably belongs to all fixed connective tissue ceils, as Rous has found that isolated mesenchyme ceils in suspension in a medium unite again to form a reticulum/ The aptitude to form a tissue establishes a fundamental difference between fibroblasts and macrophages since the macrophages live as independent units and die if they congregate in dense masses. When two colonies of fibroblasts grow in a single flask at a short distance from one another, they display a tendency to unite their edges. It seems as if the cells of one colony attract the cells of the other, and the rate of growth of the parts of the tissue that are at close range slightly increases until the union of both colonies takes place.
Fibroblasts in pure culture never invade the entire medium. When a small colony is implanted in the center of a flask 50 nun. in diaa-neter, Carrel, A., Physiol. Rev., 1924, iv, 1 ; Brit. Med. J., 1924, ii, 140. Rous, P., and Jones, F. S., Y. Exp. Med., 1916, xxiii, 549. and is left undisturbed in the coagulum, while the fluid medium consisting chiefly of embryonic juice is changed every 2 days, it grows at the optimum rate, and the curve expressing the increase in area is a parabola. After about 2 weeks, when the diameter of the colony has reached approximately 15 mm., the growth stops spontaneously. The tissue will resume its activity only after division and transplantation into another flask. While fibroblasts never cover a large area of the coagulum, macrophages often invade the entire medium in less than 3 weeks. The impossibility of a colony of fibroblasts growing beyond a certain size may be attributed to its peculiar architecture and to the solidarity of the cells. When two cells are united by their processes, and one is punctured with a needle and killed, the death of the other cell follows after a few seconds, as Chambers has shown, s Although Lewis believes that there is no anatomical communication between cells united by their processes, it is obvious that they are in close relation. ~ This condition is probably required for cell proliferation. Fischer found that cells isolated in a culture medium do not proliferate. 1° In order for multiplication to occur, fibroblasts must be in close contact. This inherent property of forming a tissue may cause the limitation in size of the colonies. After the colony has reached a certain thickness, .its central part probably becomes isolated from the food supply and degenerates, and toxic substances are set free which stop cell proliferation. We have often observed that the formation of a thick center in a colony is accompanied by marked changes in the appearance of the peripheral cells, which display a tendency to grow in scattered formation. Twice in the course of 14 years, a transformation of these scattered cells into macrophages occurred.
Fibroblasts have a special affinity for other fibroblasts, but not for epithelial cells. When a colony of pure epithelium is grown side by side with a colony of fibroblasts, the fibroblasts rapidly surround the epithelium, as was shown in an experiment by Ebeling and Fischer. n 8 Chambers, R., in Cowdry, E. V., General cytology, Chicago, 1924, 242. 9 Lewis, W. FI., and Lewis, M. R., in Cowdry, E. V., General cytology, Chicago, 1924, 393. 10 Fischer, A., Tissue culture; studies in experimental morphology and general physiology of tissue ceils in vitro, Copenhagen, 1925, 155. 11Ebeling, A. H., and Fischer, A., J. Exp. Med., 1922, xxxvi, 285 .
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The section of the culture indicated that nowhere had the fibroblasts mixed with the epithelial cells. The epithelium had grown in a glandlike formation, without being penetrated by the fibroblasts. Generally macrophages do not remain-among fibroblasts. They migrate more quickly and scatter freely through the medium far from the colony of fixed cells.
Rate of Growth of the Colonies.
The rate of growth of the colonies under various conditions has been ascertained by a large number of measurements in the course of the last 14 years. In a medium composed of 1 volume of adult chicken plasma and 1 volume of juice from 8 or 10 day old chick embryos and kept at a temperature of 39°C., the colonies double in mass every 48 hours. This means that a weight of protoplasm equal to that of the original colony is synthetized from the medium constituents during this short period of time. The epithelial ceils respond also to the presence of embryo juice by a great increase in their activity. But their rate of proliferation never equals that of fibroblasts. In the same cultural conditions, the macrophages cease to multiply. The fibroblast is the fastest growing cell that has so far been isolated. The velocity of cell multiplication depends at first on the age of the animal or the condition of the culture from which the colony is obtained. 12 Fibroblasts removed from an embryo or a young culture multiply in vitro more rapidly than those from an older embryo or older culture. But the activity of fibroblasts of different original growth energy and cultivated in identical media has a tendency to become uniform. After they have been cultivated for a few days or weeks in the same substances, they proliferate at the same speed? 3 The rate of growth of a colony at a given instant is a function of its activity at the preceding instant, and of the concentration of the growth-activating and inhibiting substances in the medium. As long as the composition of the medium remains constant, the rate of growth does not vary. After more than 14 years of life in vitro, a strain of fibroblasts is growing at the same speed as during the first years of cultivation.
as Carrel, A., Y. Exp. Med., 1913 , xvli, 14. 18 Carrel, A., J. Exp. Med., 1923 While multiplying at their optimum rate, the fibroblasts store up some food material which is responsible for the growth energy they display when transplanted into a medium composed chiefly of Tyrode solution. During starvation, their residual energy permits the increase in area of the colony for a period varying from 6 to 8 days. The quantity of the reserves which the cells accumulate depends on the time they spend in a medium containing embryo juice and on the concentration of the juice in the medium. A maximum is rapidly reached beyond which no more food is stored up. The residual energy of the fibroblast appears to depend on its specific property of accumulating a certain amount of food material while being cultivated in a nutrient medium.
Mode of Locomotion of the Fibroblast and Movements of the Protoplasmic
Structures.
The locomotion of the cells was studied on cinematographic films of pure cultures. The photographs were taken at a rate of three to six exposures per minute during 24 or 48 hours. When the films were projected at a rate of ten exposures per second, the velocity of the motion was increased from 100 to 200 times. As the magnification was only 70 diameters, a large area of the medium could be kept under observation. The cells progressed in straight lines. At a temperature of 39°C., their speed was uniform and reached approximately 33.31z per hour. Practically all the cells of a colony moved away from the center. Their activity was polarized, the distal end of the cells projecting its processes into the medium, while the proximal end merely followed. The front processes flowed through the medium, adhered to some of the structures, and kept the body of the cell stretched. If one of the processes lost its hold on the fibrin of the medium, the body suddenly jerked toward the processes that were still adherent to the clot. The protoplasm streamed through the front process, then the nucleus and the cytoplasmic structures of the body glided forward, dragging the rear process. Under dark-field illumination, the body and the processes were defined by a sharp line of beautiful geometrical design. At the end of the processes, which were always open, the boundary between cytoplasm and medium appeared very faint and irregular. The cytoplasm flowed between the lateral boundaries of the anterior process through its open end. Continuous streaming of the cytoplasm in a straight line toward the free medium is a characteristic of the fibroblast. In exceptional instances, cells were observed moving backward. They almost never turned in a circle. Practically every cell in the peripheral area of a colony showed a very active outer pole and an inactive inner pole. The pictures emphasized the profound difference between this mode of locomotion and that of the macrophages. The latter cells are encircled by a thin undulating membrane which moves unceasingly and molds its folds on the surrounding bodies.
The motion of the protoplasmic structure was studied on pictures taken with a magnification of 300 to 400 diameters and at a rate of sixty exposures per minute. When the film was projected at the rate of ten exposures per second, the velocity of the motion was increased only ten times. It became possible to ascertain the relative displacements of the nucleus and of the cytoplasmic organs on preparations stained with neutral red, and on unstained preparations under darkfield illumination. When the motion of the cells was observed with a tenfold increase, the nucleus did not seem to undergo ally displacement or change in form. On the contrary, the nudeoll modified their shapes continually, as already observed by Lewis. 14 The fat globules, which were generally present in small number in the cells fed upon tissue juice, had no motion of their own. The larger they were, the more inert they appeared. The neutral red vesicles moved incessantly, and the amplitude of their oscillations was small. Nucleus, fat globules, and neutral red vesicles formed the main part of the body and followed the displacement of the cell as a whole, without their relative position being altered to any great extent. The more fat a fibroblast contained, the less agile it became. The small red granules could be divided into two classes according to their mode of locomotion, the stationary granules, and the wandering granules. Some of the stationary granules were located in the stained vesicles. Their characteristics have been minutely described by Renaut, 1 and later by Lewis. * Some others were apparently free within the body or the processes. The tracings made of the successive positions they occu-14 Lewis, W. H., Anat. Rec., 1923, xxvi, 15. pied in a number of exposures showed that they covered an oblong or circular area and that they moved inside an invisible vacuole or vesicle. The wandering granules could travel all over the cell from the central part of its body to the far end of the processes and back. Under dark-field illumination, they could not be mistaken for round mitochondria because, as already observed by Lewis, 5 the minute mitochondria are not usually found in fibroblasts that show the small neutral red granules. With dark-field illumination, the unstained filamentous mitochondria were observed to move, as already described. 4 The swift motion of the wandering granules and of the mitochondria indicated the location of free paths within the body. The wandering granules passed rapidly by the stationary granules, which moved back and forth in invisible vacuoles. They might also travel around the neutral red vesicles and the fat globules of the body. It is obvious that certain granules move freely around the bodies described by Renaut' and Evans ~ as normal segregation apparatus, and by Lewis ~ as degeneration vacuoles. The vacuoles cannot be considered as free spaces, full of fluid, in a jelly-like cytoplasm. They are evidently vesicles, empty or containing a granule. As the path of the wandering granules is irregular and broken, it is probable that the cytoplasm has a sponge-like structure. It is not a gel, a fact shown by the rate of motion of the filamentous mitochondria, as well as by that of the minute red granules. The body of the fibroblast appears to be composed mainly of small vesicles, that do or do not stain with neutral red, and between which fat globules may accumulate. In the perivesicular fluid wander the small neutral red granules and the filamentous mitochondria. The conception of the cytoplasm as a mass of jelly containing some vacuoles full of fluid should be discarded as inaccurate.
Food Requirements of the Fibroblast. Its Susceptibility to Arsenous
Oxide.
Fibroblasts do not feed on plasma, egg albumin, egg yolk, amino adds, or broth3 5 They synthetize protoplasm exclusively from sub- stances contained in the juice of chick, mouse, guinea pig, and rabbit embryos. 18 This characteristic distinguishes fibroblasts from macrophages which die when cultivated in pure embryo juice, and multiply in a medium composed exclusively of plasma. '7 Both fibroblasts and epithelial cells possess the property of feeding upon embryo juice. But the effect of the juice is more marked on connective tissue than on epithelium. Fibroblasts also have the property of proliferating when fed upon Witte's peptone.
Fibroblasts and macrophages differ in a striking manner regarding their susceptibility to arsenous oxide. Arsenous oxide in concentrations varying from 1/50,000 to 1/3,000,000 was added to the medium of a 14 year old strain of fibroblasts, and the rate of growth of the colonies was measured. When the arsenic was present at 1/3,000,000 in the medium, the speed of proliferation decreased slightly. The growth completely stopped when the arsenous oxide reached a concentration of 1/800,000. This concentration of arsenic was entirely innocuous to macrophages, which were not killed by a concentration of 1/200,000. The susceptibility of fibroblasts to arsenous oxide renders it possible to obtain pure cultures of macrophages from mixed cultures by using media containing 1/300,000 arsenous oxide.
Rdations between Protoplasmic Structures, Nature of Medium, and
Rate of Growth oJ Colonies.
The colonies were composed of chicken fibroblasts belonging to a 14 year old strain, or to strains obtained more or less recently from the subcutaneous connective tissues of adult animals. They were cultivated in three different media, chiefly composed of serum or Tyrode solution or embryonic tissue juice, according to two techniques that have been previously described. 18 The rate of growth of the colonies was measured by the ordinary methods. 19 When the fibroblasts had multiplied for a few days and the rote of growth had been ascertained, they were transferred onto a cover-glass for examination. From 1 to 16 Carrel, A., and Ebeling, A. H., J. Exp. Med., 1923 , xxxviii, 499. lr Carrel, A., and Ebeling, A. H., J. Exp. Med., 1922 , xxxvi, 365. 18 Carrel, A., J. Exp. Med., 1923 , xxxviii, 407. 19 Ebeling, A. H., J. Exp. Med., 1921 48 hours after the slides were prepared, the tissues were stained with 1/20,000 Janus green and 1/20,000 neutral red, and camera lucida drawings were made of the ceils at a magnification of 1600 or 3200 diameters.
Conditions of Neutral Red Vesicles and Mitochondria in a 14
Year Old Strain of Fibroblasts.--The strain has been kept for 14 years in equal volumes of chicken plasma and embryonic tissue juice. The rate of growth is such that the colonies double in volume every 48 hours. Tissue fragments in a condition of optimum activity were stained with neutral red and Janus green, and camera lucida drawings made.
Generally, the length of the cells varied from 100 to 140m and that of the nucleus from 18 to 22~. Neutral red vesicles and small fat globules were located in unequal quantities in the cytoplasm at both ends of the nucleus. The vesicles were from 1 to 1.5~ in diameter. Their number varied approximately from 50 to 100. They often contained a small red granule. There were also minute wandering granules in the body of the cell and in its processes. Their diameter was less than Iv. The vesicles accumulated usually in the anterior part of the body, probably around the centriole, while the mitochondria were located around the nucleus, in the processes, and between the vesicles. They were long, filamentous, and of even caliber. The dumb-bell, vesicular, and other abnormal forms described by Lewis and Lewis* were not present ( Fig. 1) .
Neutral Red Vesicles, and Mitochondria in Fibroblasts from Adult Connective
Tissue.--Fragments of subcutaneous connective tissue were extirpated from young adult chickens. They were cultivated in a medium composed of equal parts of plasma and embryonic tissue juice. Every 2 days, the tissues were removed from the containers, washed in Tyrode solution, and transferred to a fresh medium. From 24 hours to 2 weeks after the extirpation of the tissues, the cultures were stained with neutral red and Janus green, separately or in combination, and camera lucida drawings made of the cells.
Subcutaneous Connective Tissue from an Adult Chicken, Cultivated in Equal Volumes
of Plasma and Embryonic Juice. Experiment/.--Culture 2956-C, Jan. 14, 1926. Jan. 15, camera luclda drawings. Length of nucleus, 18u; length of ceils, 90u; no neutral red vesicles; 2 to 5 small red granules wandering through the processes; 51 fat globules (Fig. 2) .
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Experiment 2.--Culture 3338-C, Feb. 24. Feb. 26, stained with neutral red and Janus green; camera lucida drawings. The cells which were close to the original fragment were 120~ in length, and the nucleus was 15u; the cells contained 20 small neutral red vesicles about 0.5t* in diameter; 4 or 5 wandering red granules; about 15 small fat globules; 35 mitochondria averaging 2.5t* in length (Fig. 3) . Some of the cells which had wandered out into the medium a short distance from the original fragment of tissue showed about 37 neutral red vesicles 0.75t* in diameter; 4 or 5 wandering stained granules; 35 mitochondria, 2.5 to 3t* in length (Fig. 4) .
Experiment 3.--Culture 3387-C, Mar. 2. Mar. 4, camera lucida drawings. 20 to 25 small neutral red vesicles, 0.5t* in diameter; 6 to 8 wandering granules; 50 to 60 mitochondria, averaging 1.75t* in length; some cells show a few fat globules; length of nucleus averages 15t,; length of cell, 85 to 95t* (Figs. 5 and 6~.
Experiment 4.--Culture 2876-C, Jan. 5. Jan. 8, first passage, Culture 2901-C. Jan. 9, camera lucida drawings; length of cell, 75t*; length of nucleus, 15t*; 25 vesicles, lt* in diameter; about 10 fat globules; a few wandering neutral red granules less than lt* in diameter (Fig. 7) .
Experiment 5.--Culture 2884-C, Jan. 6. Jan. 9, first passage, Culture 2907-C. Jan. 11, second passage, Culture 2917-C. Jan. 12, camera lucida drawings. Length of cell, 95u; length of nucleus, 19#; 30 to 40 red vesicles, lt* in diameter; a few very small wandering granules, less than 0.5t* in diameter; about 10 small fat granules (Fig. 8) .
Subcutaneous Connective Tissue from a Tumor Chicken, Cultivated in Equal Volumes
of _Plasma and Embryonic Tissue Juice.
Experiment 6.--Culture 3206-C, Feb. 8. Feb. 11, culture stained with cresyl blue; camera lucida drawings. Length of cell, 95~; length of nucleus, 14t*; a few minute fat granules; 40 to 60 faintly stained vesicles, 0.5 to It, in diameter, generally containing 1 small granule, darkly stained; 35 to 40 mitochondria, 3 to 10t* long; a few wandering granules less than 0.5t* in diameter (Fig. 9) .
Experiment 7.--Culture 2842-C, Dec. 23, 1925. Dec. 31, first passage, Culture 2856-C. Jan. 2, 1926, second passage, Culture 2859-C. Jan. 4, third passage, Culture 2867-C. Jan. 5, camera lucida drawings. Length of cell, 140#; length of nucleus, 19t*; 30 to 65 vesicles, 2t*.in diameter; about 8 or 10 small wandering granules, 0.5t* in diameter; about 15 small fat globules (Fig. I0) . Jan. 7, fourth passage, Culture 2890-C. Jan. 9, camera lucida drawings. Length of cell, 80t*; length of nucleus, 19t*; 40 to 50 red vesicles; 7 to 10 small fat globules; a few small red granules (Fig. 11) .
Subcutaneous Connective Tissue from an Adult Chicken, Cultivated in Normal Plasma
and Embryonic Juice.
Experiment 8.--Culture 2932-C, Jan. 12. Jan. 22, the tissues were placed in plasma containing a trace of tissue juice until Jan. 29. Jan. 30, Culture 3104-C, camera lucida drawings. Length of cell, 85~; length of nucleus, 15~,; 1 to 5 small vesicles, less than 0.5~ in diameter; 10 to 15 elongated vesicles, stained with neutral red, 1.5 to 2# long; no fat globules; about lO filamentous mitochondria.
Subcutaneous Connective Tissue from an Adult Chicken, Cultivated in Plasma
Containing a Trace of Embryonic Juice.
Experiment 9.--Culture 2892-C, Jan. 7. Jan. 11, first passage in same medium, Culture 2920-C. Jan. 13, camera lucida drawings. Length of cell, 85v; length of nucleus, 18u; 7 to 8 neutral red vesicles, 0.25 to 0.5~ in diameter; 4 to 6 neutral red wandering granules, about 0.25~ in diameter; 0 to 8 small fat globules, 0.5v in diameter (Fig. 12) .
In these experiments, a comparative study was made of the number and size of the neutral red vesicles in fibroblasts maintained for 14 years in vitro in a condition of optimum activity, and in adult fibroblasts cultivated for periods varying from 24 hours to 13 days, in embryonic tissue juice or in Tyrode solution. The fibroblasts which had proliferated with great activity for 14 years in equal parts of plasma and embryo juice always contained many neutral red vesicles (Fig. 1) . Adult connective tissue, on the contrary, cultivated in a similar medium for 24 hours grew very slowly, and the cells contained none or very few vesicles, as shown in Fig. 2 . The neutral red vesicles became more numerous and cell proliferation more rapid after 48 hours cultivation in embryonic tissue juice (Figs. 3 to 6 ). The phenomenon was more evident after 72 hours cultivation (Fig. 7) , and after a week (Figs. 8 and 9 ). When the cells derived from adult connective tissue had been cultivated for a longer time in embryonic tissue juice (Figs. 10 and 11), the number of vesicles was about as great as in the 14 year old strain. However, if embryonic tissue juice was left out of the medium and replaced by Tyrode solution, the activity of the adult connective tissue cells did not increase, and the number of vesicles remained small (Fig. 12) .
Changes in the Structure of Fibroblasts and the Rate of Growth, Brought About by Variations in the Composition of the Medium.--
An attempt was made to ascertain in a more precise manner how the protoplasmic organs are modified by metabolic changes. It is .well known that the activity of fibroblasts is affected by the transfer from a nutrient to a non-nutrient medium. If colonies cultivated in plasma PROPERTIES OF FIBROBLAST AND ~ACROPHAGE. I
and tissue juice are placed in a coagulum composed almost exclusively of plasma, the rate of growth immediately decreases and proliferation ultimately stops. In the present experiments, the colonies were divided into halves, one being placed in plasma with a trace of tissue juice, and the other in equal parts of plasma and embryo juice. After a few days cultivation, the relations between the rate of growth and the morphological changes could be easily studied. The fibroblasts were obtained from the subcutaneous connective tissue of adult chickens and prepared from the experiments by being cultivated for a few weeks in plasma and embryonic tissue juice. After their rate of growth and appearance had become analogous to those of the 14 year old strain, the tissues were divided. One half was cultivated in a medium composed of 1 volume of plasma and 1 volume of Tyrode solution containing a trace of embryonic tissue juice, and the other half in equal parts of plasma and embryonic tissue juice. The relative increase of both colonies was measured by a technique previously described. 19 Cinematograph pictures have shown that practically every fibroblast at the edge of a colony moves in straight lines from the center of the colony toward the free medium and that the mechanical activity of the front process is far greater than that of the rear process, which appears to move along, dragged by the body. As the anterior pole of the cells is in a more active condition than the posterior one, it may be assumed that the organs which congregate at the root of the forward processes possess some function related to heightened metabolism. When a marked difference was observed in the rates of growth of the experiment and control tissues, the cells were stained with Janus green and neutral red, and camera lucida drawings made. Ten experiments were performed. Experiment •.--30 day old strain of adult connective tissue, Culture 3302-C, Feb. 17. A colony was divided into two parts, one being cultivated in plasma, and the other in 1 volume plasma and 1 volume embryonic juice. Feb. 19, first passage in fresh media; Feb. 20, second passage in fresh media; measurement of the rate of growth and camera lucida drawings.
1. Fibroblasts cultivated in plasma. Rate of growth, 1.1; length of average cell, 120u; length of nucleus, 18 to 19~; 20 neutral red vesicles, 0.75~ in diameter, of which more than half were localized in anterior part of the body; 50 mitochondria, 2 to 5~ in length; many fat globules, 0.25 to 1.25~ in diameter in anterior and posterior portions of cell body; about 25 deeply stained neutral red wandering granules, 0.25u in diameter.
2. Fibroblasts cultivated in plasma and embryonic juice. Rate of growth, 2.3; length of average cell, 130#; length of nucleus, 21#; 70 neutral red vesicles, 0.5 to l~, in diameter in anterior and lateral parts of the body and at root of a large lateral process. A few vesicles contained deeply stained neutral red granules; 60 mitochondria, thin and regular, 3 to 7~ long; 21 fat globules, 0.5# in diameter; 22 wandering neutral red granules.
Experiment 2.--28 day old strain of adult connective tissue, Culture 3314-C, Feb. 17. Division of a colony into two parts, one being cultivated in plasma, and the other in equal parts of plasma and embryonic juice. Feb. 19,first passage in fresh media; Feb. 21, second passage; Feb. 23, third passage; Feb. 24, camera lucida drawings (Figs. 13 and 14) .
1. Fibroblasts in plasma. Rate of growth, 4.6; length of average cell, 110~; length of nucleus, 15~; 100 neutral red vesicles, 0.25 to 1~ in diameter, distributed more abundantly in anterior part of the body; no granules in the vesicles; 6 wandering neutral red granules, less than 0.25;, in diameter; 80 mitochondria, 1 to 3~, in length; 20 fat globules.
2. Fibroblasts in plasma and embryonic juice. Rate of growth, 11.0; length of average cell, 100~; length of nucleus, 16 to 17t,; two-thirds of the mass of neutral red vesicles, about 140 in number, in anterior part of the body, 0.5 to 1.25v in diameter. 25 fat globules scattered among vesicles; 17 wandering neutral red granules, about 0.25u in diameter; 70 mitochondria, slender and regular, 6 to 7t~ in length.
Experiment 3.--47 day old strain of adult connective tissue, Culture 3331-C, Feb. 17. Division of a colony into two parts, one being cultivated in plasma, and the other in plasma and embryonic tissue juice. Feb. 19, first passage in the same media; Feb. 21, second passage in the same media; Feb. 23, third passage in same media; Feb. 24, camera lucida drawings (Figs. 15 and 16 ).
1. Fibroblasts cultivated in plasma. Rate of growth, 0.97; length of average cell, 100u; length of nucleus, 18~; 50 neutral red vesicles, 0.5 to 0.75;, in diameter, 5 containing small neutral red granules; many small vesicles, less than 0.5~ in diameter; more vesicles in anterior part of the body than in posterior; 80 mitochondria, 1 to 3~ in length; 3 or 4 wandering neutral red granules; no fat globules.
2. Fibroblasts in embryonic juice and plasma. Rate of growth, 2.82; length of average cell, 130;,; length of nucleus, 20~; 195 vesicles, 0.25 to 1~ in diameter, more being located in anterior part of cells than in posterior; many very small neutral red vesicles scattered throughout cytoplasm; about 35 wandering neutral red granules in the cell processes; 90 mitochondria, 3 to 9t, in length; 35 small fat globules.
Experiment 4.--41 day old strain of adult fibroblasts, Culture 3253-C, Feb. 10.
Fragment divided into two parts, one being cultivated in plasma, and the other in plasma and embryonic tissue juice. Feb. 12, first passage in same media; Feb. 13, second passage in same media; Feb. 15, third passage in same media; Feb. 16, camera lucida drawings (Figs. 17 and 18 ).
PROPERTIES OF FIBROBLAST AND ~[ACROPIIAGE. I
1. Fibroblasts in plasma. Rate of growth, 1.2; length of average cell, 90~; length of nucleus, 16g; 22 neutral red vesicles, 0.25 to 0.75g in diameter, located in anterior part of the body; 26 wandering neutral red granules; 75 fat globules located in posterior part; 90 mitochondria, 5 to 10g in length.
2. Fibroblasts in plasma and embryonic juice. Rate of growth, 4; length of average cell, 80g; length of nucleus, 16g; 135 neutral red vesicles, 0.5 to lg in diameter, located in anterior and lateral parts of body at root of large side process; 14 small fat globules in posterior part; 60 mitochondria, 5 to 8g in length.
Experiment 5.--19 day old strain of adult fibroblasts, Culture 3531-C, Mar. 15.
Fragment divided into two parts, one being cultivated in plasma, and the other in equal volumes of plasma and embryonic juice. Mar. 18, first passage into same media; Mar. 19, camera lucida drawings.
1. Fibroblasts in plasma. Rate of growth, 1.5; length of average cell, 105g; length of nucleus, 19g; 16 neutral red vesicles, 0.25 to 0.50g in diameter, located in anterior part of the cell body; 36 filamentous mitochondria, 5 to 15~, in length; 47 small fat globules.
2. Fibroblasts in plasma and embryonic juice. Rate of growth, 10.9; length of average cell, ll0~t; length of nucleus, 19.5g; 140 neutral red vesicles, 0.25 to 1.5g in diameter, located in anterior part of the cell body lateral to the nucleus; disposition of most of the vesicles around ceutriole; 40 mitochondria, 3 to 6g in length; 24 fat globules; a group of larger ones posterior to the nucleus. A fragment was divided into two parts, which were cultivated in two tiasks in the ordinary medium. Feb. 16, both cultures were washed and patched. Feb. 17, both cultures were washed for 10 minutes with Tyrode solution, then 0.5 serum and 0.5 Tyrode solution were introduced into Flask A, and 1 cc. of pure embryo extract into Flask B. Feb. 19, both cultures were washed and the same media introduced. Feb. 20, growth had stopped in Flask B, while it was still rapid in Flask A. Measurement of the area covered by the fibroblasts, transfer of the tissues to cover-glasses, and camera lucida drawings.
1. Fibroblasts cultivated in Tyrode solution. Growth stopped; length of average cell, 90g; length of nucleus, 13 to 15g; 8 neutral red vesicles, 0.25 to 0.5g in diameter; 10 wandering neutral red granules; 50 mitochondria, 1 to 2g in length; 54 fat globules around nucleus and posterior to it.
2. Fibrobiasts cultivated in embryonic juice. Rate of growth, 3; length of average cell, ll0g; length of nucleus, 18g; 42 neutral red vesicles, 0.25 to 1.25g in diameter; 14 wandering neutral red granules; 50 mitochondria, 2 to 7g in length; 46 fat globules around nucleus and posterior to it.
Experiment 7.--36 day old strain of adult connective tissue, Culture 3348-C.
A fragment was divided into two parts, one being cultivated in 3 volumes Tyrode solution and 1 volume plasma, and the other in 3 volumes embryonic juice and 1 volume plasma. Feb. 26, camera lucida drawings (Figs. 19 and 20 Experimen~ 9.--Culture 350242, Mar. 1. A fragment of chick embryo heart was divided into two parts, one being cultivated in 1 volume plasma and 3 volumes Tyrode solution containing a trace of embryonic juice, and the other in 1 volume plasma and 3 volumes embryonic juice. In the course of 16 days, both fragments were transferred six times into fresh media. Mar. 17, measurement of rate of growth, and camera lucida drawings.
1. Fibroblasts cultivated in Tyrode solution. Rate of growth, 0.03; length of cell,90g; length of nucleus, 11~; 5 neutral red vesicles,0.25g in diameter; 2 wandering red granules; 20 mitochondria, 1 to 2t, in length; 95 smaU fat globules around the nucleus.
2. Fibrohlasts cultivated in embryonic juice. Rate of growth, 3.0; length of cell, 120g; length of nudeus, 18~; 195 neutral red vesicles, 1 to 2~ in diameter; 13 wandering red granules; 50 mitochondria, 3 to 6~ in length; 45 very small fat globules.
Experiment 10.--Culture 3623-C, Feb. 21. 8 day old strain of fibroblasts.
Mar. 1, fragment was divided into two parts, one being cultivated in 1 volume plasma and 3 volumes Tyrode solution containing a trace of embryonic juice, and the other in I volume plasma and 3 volumes embryonic juice. In the course of 29 days, both fragments were transferred fifteen times into fresh media. Mar. 30, measurement of rate of growth, and camera lucida drawings (Figs. 23 and 24 ).
1. Fibroblasts cultivated in Tyrode solution. Rate of growth, 0.01; length of cell, 75g; length of nucleus, llg; 11 neutral red vesicles, 0.25/t in diameter; 5 wandering red granules; 39 mitochondria, 2 to 5it in length; no fat globules.
PROPERTIES OF ]~IBROBLAST AND MACROPHAGE. I 2. Fibroblasts cxtltiwted in embryo juice. Rate of growth, 2.5; length of cell, 110~; length of nucleus, 15u; 100 neutral red vesicles, 0.25 to 1.5~ in diameter; 13 wandering red granules; 55 mitochondria, 2 to 12f, in length; 45 small fat globules.
In these ten experiments, fibroblasts in a known condition of activity and showing long filamentous mitochondria and a number of small neutral red vesicles (Figs. 14, 16, 18, 20, 22, and 24) were cultivated in media deprived of embryonic juice and composed chiefly of serum or Tyrode solution. Their rate of proliferation immediately decreased and at the same time their structure underwent marked changes. The cytoplasmic organs of the cells living in plasma alone assumed the appearance of those of resting fibroblasts (Figs. 13, 15 , and 17). The granules disappeared from the vesicles. The neutral red vesicles were reduced to one-half or one-third of their normal number. At the same time, the size of the nucleus decreased, and the mitochondria became shorter. No modification took place in the controls, which were maintained in embryonic juice. The simultaneous variations of the rate of growth and of the protoplasmic organs are summarized in Table I . When the colonies were cultivated in Tyrode solution, the changes became more apparent (Figs. 19, 21, and 23) . The decrease in the size of the nucleus was greater. For instance, in Experiment 8, where cell proliferation had completely stopped, the nucleus was only 11~ in length while it was 22~ in the control (Figs. 21 and 22) . The mitochondria were not greatly modified in number but, instead of being filaments 5 to 6~ in length, they had become very short rods or dots. The fat globules were much more abundant. The neutral red vesicles were reduced to one-tenth of the number present in the control. They were smaller and contained no granules (Table I) . The results of both series of experiments may be summarized as follows:
The significance of the neutral red vesicles observed in normal cells has been investigated by studying fibroblasts artificially placed in definite states of activity. The lowest metabolic condition was obtained by cultivating fragments of subcutaneous connective tissue, removed from an adult chicken, in a medium composed almost exclusively of plasma. The first cells which slowly migrated from the fragment were almost in a resting condition. After a few days cultivation in plasma and embryonic juice, their activity ihcreased, as shown by measurement of their rate of growth which finally became equal to
that of a pure strain of fibroblasts cultivated for 14 years in plasma and embryonic juice. The effects of decreased metabolism on protoplasmic structures were observed in a precise manner by depriving fibroblasts, which had reached their optimum rate of growth, of embryonic tissue juice and cultivating them in Tyrode solution and also in serum or plasma. The relations between the metabolic conditions as expressed by the rate of proliferation and the cell structure immediately became clear.
At the beginning of their life in vitro, the adult fibroblasts, and embryonic fibroblasts cultivated in plasma or in Tyrode solution until their activity had decreased or stopped, presented some common characteristics. Their cytoplasm showed very few small neutral red vesicles. These vesicles did not contain any granules. There were no fat globules in the body of the cell, and the mitochondria consisted of short filaments. Simultaneously with the increase of the rate of growth obtained by cultivation in embryonic juice, the neutral red vesicles became more numerous and the filamentous mitochondria longer. Small red bodies appeared within the vesicles, and a number of wandering granules moved through the process and the body. When the cells had reached their highest activity, the number of the vesicles became maximum, as well as the length of the mitochondria. The phenomenon was reversible. If colonies of the 14 year old strain of fibroblasts were placed in serum or in Tyrode solution, the rate of growth decreased and at the same time the vesicles lost their granules and were reduced in number, while the mitochondria became much shorter. The neutral red vesicles congregated in the anterior part of the body, that is, at the active pole. If a lateral process developed and became more active, the vesicles shifted to the root of this process. In either case, they were probably grouped around the centriole, as observed by Lewis. s° But in normal fibroblasts, the centriole generally remains invisible. It was obvious that the number and size of the vesicles:were related to metabolism and not to the duration of cultivation. Fibroblasts obtained from adult connective tissue and from the 14 year old strain, and cultivated in embryo juice, assumed the same appearance as soon as their respective rates of growth had become so Lewis, W. H., Anat. Rec., 1919, xvi, 155. similar. This fact shows that the morphology of a fibroblast does not depend on its origin, adult or embryonic, but on the presence and the concentration of certain substances in the pericellular fluid. The length of the cell, the size of the nucleus, the number, size, and content of the neutral red vesicles, the number of the wandering red granules, and the size of the mitochondria vary with the rate of growth of the colony and the composition of the medium (Table I) . Then the structure of the cells can be modified at will, and the appearance that they will assume when living in media of definite composition may be accurately predicted. It has become possible to ascertain the physiological state of a fibroblast from its anatomical characteristics. The appearance of the cytoplasmic organs indicates whether a fibroblast is at rest, in a condition of moderate or optimum activity, or in a starving condition. The active pole of the cell and the direction of its migration can also be detected by the location of the neutral red vesicles.
DISCUSSION.
The determination of the specific physiological properties of the fibroblast is of evident importance, as the individuality of a cell depends on its functions far more than on its staining reactions. The morphological analysis of a protoplasmic structure merely leads to its identification. When a bacterium is only characterized by its shape and mode of reaction toward dyes, our knowledge of it is of an unsatisfactory nature, and must be completed by the study of its properties in pure cultures, such as its action on the medium, the food it requires for multiplication, the poisons it secretes, its susceptibility to various chemical substances, etc. The same is true of tissue cells. The most minute anatomical descriptions are without great interest as long as morphology is not correlated with function, and as the essential properties of the cell remain unknown. Through the foregoing experiments, the fibroblast has become characterized not only by the structure of its nucleus and of its mitochondria and neutral red vacuoles, but also by the appearance of its colonies, its action on the medium, its relation to other cells, its rate of proliferation under given conditions, its mode of locomotion, the movements of its cytoplasmic organs, the food it requires for multiplication, etc. This new knowledge has made it possible to understand and to foresee the behavior of the cell within the organism. It became obvious that fibroblasts must be in a resting condition within the adult animal on account of their inherent property of requiring for multiplication substances which are not present in lymph or blood serum. It is also evident that they are capable of resuming their embryonic activity, even in extreme old age, during the process of wound healing, or of organ sclerosis, because they have the power of feeding on substances set free by leucocytes or by epithelial cells, as happens when adult connective tissue is cultivated in embryonic juice. These and other working hypotheses may be constructed on the knowledge of the biological properties of the fibroblast, in order to explain, partly at least, the mechanism of the complex phenomena in which connective tissue cells participate.
The study of pure strains of fibroblasts brought into definite states of activity by cultivation in various media, under such conditions that they do not degenerate, has led to a correlation of certain protoplasmic structures and nutritional conditions. Neutral red vesicles and their granules are evidently connected with cell metabolism. The vesicles are more numerous while the colonies develop rapidly; they lose their granules and decrease in number if proliferation becomes slower or stops after the colonies have been deprived of food. They appear to be organs of great importance, the development of which is intimately bound up with the physiological state of the cell. Evidently they elaborate substances which are either used by the cells in their rapid proliferation, or accumulated as reserves, and possibly as material for exogenous secretion. Whether stored up foodstuff, or secretory material, these substances are the result of protoplasmic activity, and are manufactured within vesicles which must be considered as the normal organs of the active fibroblast. These vesicles differ markedly from the vacuoles that develop around bacteria and foreign bodies, ~,~1 and from the degeneration vacuoles described by Lewis) Neutral red is not a specific stain. It colors normal and degenerating structures in the same manner. The presence in the connective tissue cells of different typ~es of vacuoles was more clearly understood by the earlier anatomists than by the modern ones. The distinction between the secretory vacuoles and those that develop around a foreign body was st Prigosen, R. E., Bull. Johns Hoptins Hosp., 1921, xxxii, 206. made long ago by Renaut in his masterly investigations of the connective tissue cells. 1 The degeneration vacuoles remained unknown to him because his observations were made exclusively on tissues freshly extirpated from the animal. The degeneration vacuoles are a modern product of defective techniques and develop in ceils which are erroneously believed to be in a condition of cultivation. The neutral red vesicles observed by Renaut 1 in the fibroblast and the macrophage were identical with those described as the normal segregation apparatus by Evans and Scott 2 in their excellent study of the connective tissue cells, and with those observed by us at every stage of their development in ~itro.
In the early observations by Renaut, the vesicles assumed various characteristics according to the age of the animals from which the tissues were obtained. Very few were observed in the normal connective tissue of adult animals. But in fetuses or very young animals, every fibroblast presented some red vacuoles containing a segregation granule. The number of the stained ceils was found to decrease with advancing age and in the old animal they almost completely disappeared. Renaut concluded that the presence of the neutral red vesicles is a characteristic of the young fixed connective tissue cell. 1 He corroborated these findings by a study of the tendons of the tail of the rat, mouse, rabbit, and cat. In young animals, every fibroblast was seen to contain neutral red vesicles, while in older animals, none of the cells stained red. The presence of the vesicles was evidently related to a function of the fibroblast which persisted as long as the tendon fibers were not definitely organized. Young cells and cells in a condition of secretory activity appeared to be endowed with the property of elaborating segregation granules within the fluid of vesicles. Renaut gave to those ceils the name of rhagiocrin, from ~'r~op, grape, because granules growing in a vesicle resemble the seeds of a grape. The segregation apparatus of the fibroblast and the macrophage was considered by him as a common characteristic of both cells, the macrophage having an apparatus very much more developed than the fibroblast.
The results of our experiments are in agreement with this early conception of the functions of the neutral red vacuoles. It is certain that they represent an organ which characterizes cells in a condition of metabolic activity, and that their development may be increased or decreased at will by the substances which modify the rate of growth. The normal segregation apparatus of the fibroblast differs from both degeneration vacuoles and vacuoles formed around foreign bodies.
The length and number of the mitochondria have been found to
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undergo some variations which are definitely related to those of cell metabolism. In the more active colonies, they are long filamentous organs from 5 to 10~ in length, which present the morphological characteristics minutely described by Lewis and Lewis. 4 The irregular and abnormal forms, which they also mentioned, were rarely observed. It is probable that they are more often present in cells that begin to degenerate. The normal mitochondria were seen to become shorter and slightly thicker when the rate of growth of the colonies decreased. They broke down into dots in cells starved in Tyrode solution. If the activity of the cells was increased by cultivation in embryonic juice, the mitochondria again became longer. Their number did not vary greatly. Their mode of distribution through the body and the active and less active processes remained approximately constant. They did not congregate in the region of the cell which displayed the greatest mechanical activity, as neutral red vesicles do. Mitochondria are certainly endowed with a function more fundamental to the life of the cell than the neutral red vesicles, because they always remain present in resting cells, when the neutral red vesicles have almost completely disappeared. So far, it has generally been believed, as expressed by Cowdry, 2-0 that mitochondria possess a fundamental r61e in cell activity. But the nature of this r61e is not as yet clearly understood. Lewis 4 thought that the quantity of mitochondria differs so widely that it is impossible to connect it with any definite function. He believed that these great variations depended on the metabolism of the individual cells. The truth of this hypothesis was demonstrated by our experiments. All the fibroblasts which compose the outer edge of a growing colony are in identical metabolic condition. The appearance of the cells becomes uniform. There is but little variation in the size and quantity of the mitochondria in the fibroblasts of a given culture. However, when the activity of the whole colony is affected by a change in the medium, the mitochondria of every visible cell undergo parallel modifications. From the foregoing experiments, it may be concluded that: 1. The fibroblast is characterized not only by its morphology and 22 Cowdry, E. V., Carnegie Institution of Washington, Pub. No. 27I, Contributions to Embryology, 1919, viii, 39. staining reaction, but also by a number of physiological properties, which become apparent in the pure cultures of the cell.
2. There is a definite relation between the size, the number, and the form of certain cytoplasmic structures and the metabolic conditions of the fibroblast.
EXPLANATION OF PLATES.
PLATE 6.
FxO. 1. Fibrob!asts cultivated for 14 years in equal parts of plasma and embryonic juice. Camera lucida drawing made 24 hours after passage into fresh medium.
FIo. 2. Fibroblasts from subcutaneous connective tissue of young adult chicken, cultivated in equal volumes of plasma and embryonic juice. Camera lucida drawing made after 24 hours incubation.
FIos. 3 and 4. Fibroblasts from subcutaneous connective tissue of an adult chicken, cultivated for 48 hours in equal volumes of plasma and embryonic juice. Camera lucida drawing made after 48 hours incubation.
FIGs. 5 and 6. Fibroblasts from subcutaneous connective tissue of an adult chicken, cultivated for 48 hours in equal volumes of plasma and embryonic juice. Camera lucida drawing made after 48 hours incubation.
F1G. 7. Fibroblasts from subcutaneous connective tissue of an adult chicken, cultivated for 72 hours in equal volumes of plasma and embryomc jmce. Camera lucida drawing made 24 hours after first passage into fresh medium.
FIG. 8. Fibroblasts from subcutaneous connective tissue of an adult chicken, cultivated for 5 days in equal volumes of plasma and embryomc jmce. Camera lucida drawing made 24 hours after second passage into fresh medium.
I~G. 9. Fibroblasts from subcutaneous connective tissue of a tumor chicken, cultivated for 72 hours in equal volumes of plasma and embryomc jmce. Camera lucida drawing made after 24 hours incubation.
FIo. 10. Fibroblasts from subcutaneous connective tissue of a tumor chicken, cultivated for 13 days in equal volumes of plasma and embryomc jmce. Camera lucida drawing made 24 hours after third passage into fresh medium. 
